Food availability and nutritional status shape the reproductive activity of many animals. In rodents, hormones such as gonadotropin-releasing hormone (GnRH), restore energy homeostasis not only through regulating e.g., caloric intake and energy housekeeping, but also through modulating sex drive. We investigated whether the insect homolog of the GnRH receptor, the adipokinetic hormone receptor (AKHR) modulates sexual behavior of the fruit fly Drosophila melanogaster depending on nutritional status. We found that AKHR regulates male, but not female sexual behavior in a starvation-dependent manner. Males lacking AKHR showed a severe decrease in their courtship activity when starved, as well as an increase in mating duration when fed. AKHR expression is particularly strong in the subesophageal zone (SEZ, Ito et al., 2014). We found axonal projections from AKHR-expressing neurons to higher brain centers including specific glomeruli in the antennal lobe. Among the glomeruli that received projections were those dedicated to detecting the male specific pheromone cis-vaccenyl acetate (cVA). Accordingly, responses to cVA were dependent on the nutritional status of flies. AKHR was also involved in the regulation of the production of cuticular pheromones, 7,11-heptacosadiene and 7-tricosene. This effect was observed only in females and depended on their feeding state. AKHR has therefore a dual role on both pheromone perception and production. For the first time our study shows an effect of AKHR on insect sexual behavior and physiology. Our results support the hypothesis of a conserved role of the GnRH/AKH pathway on a nutritional state-dependent regulation of reproduction in both vertebrates and invertebrates.
Food availability and nutritional status shape the reproductive activity of many animals. In rodents, hormones such as gonadotropin-releasing hormone (GnRH), restore energy homeostasis not only through regulating e.g., caloric intake and energy housekeeping, but also through modulating sex drive. We investigated whether the insect homolog of the GnRH receptor, the adipokinetic hormone receptor (AKHR) modulates sexual behavior of the fruit fly Drosophila melanogaster depending on nutritional status. We found that AKHR regulates male, but not female sexual behavior in a starvation-dependent manner. Males lacking AKHR showed a severe decrease in their courtship activity when starved, as well as an increase in mating duration when fed. AKHR expression is particularly strong in the subesophageal zone (SEZ, Ito et al., 2014) . We found axonal projections from AKHR-expressing neurons to higher brain centers including specific glomeruli in the antennal lobe. Among the glomeruli that received projections were those dedicated to detecting the male specific pheromone cis-vaccenyl acetate (cVA). Accordingly, responses to cVA were dependent on the nutritional status of flies. AKHR was also involved in the regulation of the production of cuticular pheromones, 7,11-heptacosadiene and 7-tricosene. This effect was observed only in females and depended on their feeding state. AKHR has therefore a dual role on both pheromone perception and production. For the first time our study shows an effect of AKHR on insect sexual behavior and physiology. Our results support the hypothesis of a conserved role of the GnRH/AKH pathway on a nutritional state-dependent regulation of reproduction in both vertebrates and invertebrates.
Keywords: adipokinetic hormone, courtship, pheromones, cis-vaccenyl acetate, nutritional status, sexual dimorphism INTRODUCTION Food availability and food deprivation affect the reproduction of a wide range of animals including mammals, fishes, insects, or spiders, through acting on both physiological and behavioral traits (Franssen et al., 2008; Martin et al., 2008; Moskalik and Uetz, 2011) . Hormones that are regulated by food intake control many of these reproductive traits (Kauffman et al., 2006; Martin et al., 2008) . In rodents, the most widespread variant of the gonadotropin-releasing hormone, GnRH-II, influences female, but not male, sexual behavior depending on food availability (Kauffman and Rissman, 2004) . This hormone acts via a specific receptor and is thought to synchronize reproduction with energetically favorable conditions (Kauffman and Rissman, 2004) . In invertebrates, the adipokinetic hormone receptor (AKHR) is structurally and evolutionarily related to the mammalian GnRH receptor (Lindemans et al., 2009) . AKHR is activated by adipokinetic hormone (AKH), which is, however, homologous to glucagon instead of GnRH. Like glucagon, AKH plays a key role in sugar and lipid metabolism and homeostasis (Lee and Park, 2004) . Its hormonal ligand, AKH, is produced and released by corpora cardiaca cells in response to starvation, and is involved in energy mobilization from the fat body, food intake and nutrient absorption in the midgut Kodrík et al., 2012) .
For the past few decades, the fruit fly D. melanogaster has become a model system to study the genetic basis of fundamental biological processes such as energy metabolism and sexual behavior (Sokolowski, 2001; Baker and Thummel, 2007) . In the wild, Drosophila flies aggregate, which is partly mediated by the male-produced pheromone cis-vaccenyl acetate (cVA), a pheromone that is also involved in courtship (Bartelt et al., 1985) . Other pheromones also play an important role in courtship, such as 7-tricosene (7-T, mainly produced by males), and 7,11-heptacosadiene (7,11 HD, female-specific, Ferveur, 2005) . The synthesis and expression of these pheromones depend, at least partly, on lipid metabolism. As fatty acid derivatives, they are carried in the hemolymph by lipophorin, a general lipid transporter, from their synthesis site (oenocytes) to the cuticle (Pho et al., 1998; Schal et al., 2001; Ferveur, 2005) . Moreover, pheromone expression is affected by diet quality (Ferveur, 2005; Sharon et al., 2010; Fedina et al., 2012) . Pheromones are detected either by olfactory sensory neurons housed in the antenna (cVA) or gustatory sensory neurons (7-T, 7,11-HD, CH5O3) that project to specific structures in the central nervous system, respectively, the antennal lobes (AL) and the subesophageal zone (SEZ, Pavlou and Goodwin, 2013; Shankar et al., 2015) .
Recently, Lindemans et al. (2009) demonstrated that AKH signaling through the GnRH receptor modulates egg-laying behavior in the nematode Caenorhabditis elegans. They therefore hypothesized that the role of the AKH/GnRH pathway on reproduction might have been developed before the divergence of protostomians and deuterostomians. However, involvement of AKH and/or AKHR in modulating sexual behavior in insects has not been demonstrated yet. In the present study, using AKHR-deficient flies, we studied the effect of AKH signaling on courtship, mating, pheromone detection and pheromone production in D. melanogaster.
MATERIALS AND METHODS

Drosophila Stocks and Rearing Conditions
The null mutant Akhr null was used to study the effect of AKHR and the revertant Akhr rev was used as a control (Bharucha et al., 2008) . In mating experiments, the wild-type line Dalby (Ruebenbauer et al., 2008 ; WT) was used as a mate for Akhr null and Akhr rev flies. For labeling of AKHR expressing neurons the transgenic Akhr-Gal4 line was crossed with a UAS-mcd8::GFP line (double homozygous on 2nd and 3rd chromosomes). A total of more than 200 fly brains of 3-8 days old were processed, less than half of them showing staining in the antennal lobes. The innervation patterns of AKHR-expressing neurons appeared sexually isomorphic. Flies were reared on a standard sugar-yeastcornmeal medium at room temperature (19-22 • C) and under a 10:14 h L:D photoperiod. Shortly after emergence, virgin flies were briefly anesthetized with carbon dioxide and sexed under a microscope. Fed flies were kept on a standard medium until they were used for experiments. Starved flies were placed on a humidified piece of cotton for 3 days. Mortality rate during starvation was low for both lines. For all the experiments 3-day old flies were used. Akhr null , Akhr rev and Akhr-Gal4 lines were obtained from K. Bharucha (University of Texas Southwestern Medical School, Dallas, Texas, USA) and the UAS-GFP line was obtained from T. Chertemps (Université Paris 6, Paris, France).
Courtship and Mating Experiments
Mating arenas consisted of a small round inverted cup (45 mm in diameter, 30 mm high) placed on a clean glass plate. An Akhr null or Akhr rev fly (male or female, fed or starved; n = 35 for each group) was grouped with a fed WT fly of the opposite sex and their behavior was observed for 1 h or until the male dismounted the female following mating. The percentage of males displaying courtship (behavioral sequence including the steps from wing vibration to attempting copulation, Sokolowski, 2001) , the percentage of mating pairs and the copulation duration were recorded. The percentage of females being courted by wildtype males was used to estimate their receptiveness.
Pheromone Attraction
Pheromone attraction was tested in a glass Y-tube olfactometer bioassay, similar to the one described in a previous study . Individual Akhr null and Akhr rev males (n = 31-36, respectively) were released at the entrance of the olfactometer and given a choice between a combination of white wine vinegar odors plus cVA or vinegar odors alone. cVA (1.5 µg/µl, Pherobank, Wageningen, the Netherlands) was applied at a rate of 10 µl/min using a piezoelectric sprayer. Tests lasted 5 min. The time spent by flies in each arm of the olfactometer was recorded. A Preference Index (PI) was then calculated as follows:
(time spent in cVA arm) − (time spent in control arm) (time spent in cVA arm) + (time spent in control arm)
The PI thus ranged from 1 (preference for vinegar odors +cVA) to −1 (preference for vinegar odors alone).
Immunostaining
Female and male flies of AKHR-Gal4 × UAS-GFP (double homozygote, see above) were decapitated and heads were fixed in PBS (0.01 M) with 0.25% Triton-X (PBS 0.25 ) +4% formaldehyde for 2.5 h at 4 • C, dissected, washed 3× with PBS containing 0.25% Triton-X (PBS 0.25 ) and incubated with mouse antisynapsin antibody (1:10, Developmental Studies Hybridoma Bank, University of Iowa). After 24 h at room temperature on the rotator brains were washed 3× with PBS 0.25 , and incubated with anti-mouse conjugated with Alexafluor 546 (1:100, Molecular Probes, CA, USA) and anti-GFP antibody conjugated with Alexafluor 488. Following 24 h at RT on the rotator, brains were washed in PBS 0.25 , and mounted in Vectashield Hard Mount (Vector Laboratories, Burlingame, CA), using spacer rings (0.12 mm thick, Secure-Seal ™ imaging spacers, SigmaAldrich). Brains were scanned using a Zeiss Laser Scanning Microscope, LSM 510.
Chemical Analysis of Pheromones
Pheromones were extracted from the fly cuticle by placing individual flies in 100 µl of hexane for 5 min at room temperature. Hundred ng of heptadecenyl acetate was added as an internal standard. Extracts of single flies (n = 5 for each group) were concentrated to ca. 10 and 2 µl was injected into a gas chromatograph coupled mass spectrometer (GC-MS; 6890 GC and 5975 MS, Agilent technologies Inc., Santa Clara, CA, USA) equipped with a 5 MS silica capillary column (30 m × 0.25 mm × 0.25 µm film thickness; Agilent technologies Inc.) and temperature-programmed from 150 to 200 • C at 8 • C/min and from 200 to 300 • C at 3 • C/min. Cuticular hydrocarbons (CHCs) were quantified by peak integration and the relative amount was calculated as a proportion of the area of the internal standard peak. Compounds of interest [cVA, 7-tricosene (7-T) and 7,11-heptacosadiene (7,11-HD)] were identified based on their mass spectrum, retention time, comparison with already published works on D. melanogaster CHCs (mainly Everaerts et al., 2010) and injection of synthetic corresponding compound (for cVA). Because 7,11-HD co-eluted with 2-methylhexacosane, the relative amount of 7,11-HD was quantified by peak integration of a diagnostic fragment specific for 7,11-HD (m/z = 278).
Statistical Analysis
The percentage courtship and mating observed between Akhr null and Akhr rev were analyzed using a Fisher's exact test. Mating duration and pheromone production were analyzed by a nonparametric Mann-Whitney U test. Concerning cVA attraction, PIs were compared to a theoretical value of 0 (no attraction) using a Wilcoxon's signed-rank test and were compared between the two lines with a Mann-Whitney U test.
The statistical analyses were performed in R (R 2.1.1, R Development Core Team, Free Software Foundation Boston, MA, USA).
RESULTS
AKHR Affects Male Mating Behavior in a Starvation Dependent Manner
When lacking AKHR, fewer starved males courted WT females (Fisher test, p < 0.001) ( Figure 1A) . This effect disappeared when males were previously fed ad-libitum (Fisher test, p = 0.014, Figure 1B) . However, fed Akhr null males increased their mating duration compared to Akhr rev males (W = 85, p < 0.001) (Figure 1B) . The mating success (proportion of males that copulated) was not affected (starved males: p = 0.3; fed males: p = 0.62). Females were not affected in their attractiveness (WT males courted both Akhr null and Akhr rev females equally much) or sexual receptivity (both females accepted to mate in the same proportion), independent of nutritional state (Figures 1A,B) .
AKHR is Expressed in Neurons that Connect to Pheromone Sensing Glomeruli and Affects Pheromone Response
Immunostaining using an Akhr-Gal4 line show profuse staining in the subesophageal zone (SEZ, Bharucha et al., 2008) , from where ascending collaterals were found projecting to the antennal lobes and higher brain centers (Figures 2A-C ; Bharucha et al., 2008) . A total of nine antenna lobe glomeruli were observed receiving projections from these neurons, among which three glomeruli with relatively profuse arborizations: the cVA sensing glomeruli DA1 and DL3, as well as the glomerulus VA2 (Figures 2A,C) .
Akhr null males were not attracted to cVA (V = 289.5, p = 0.23), whereas Akhr rev males were ( Figure 2D ; V = 374.5, p = 0.002). The attraction index of Akhr null males was also significantly reduced compared to that of the control Akhr rev males (W = 316, p = 0.031).
AKHR Modulates Female Pheromone Production Depending on Their Starvation State
The total amount of CHCs was not affected by the akhr mutation (starved males: W = 20, p = 0.15; fed males: W = 16, p = 0.55; starved females: W = 5, p = 0.15; fed females: W = 19, p = 0.22). Starved male and female Akhr rev flies produced less CHCs than fed flies (males: W = 0, p = 0.008; females: W = 1, p = 0.016). In contrast, only a tendency was observed in starved mutant males (W = 3, p = 0.056), whereas starvation did not affect CHC production in mutant females (W = 8, p = 0.42).
We then looked more specifically at the main CHCs present on the male and female cuticle (respectively 7-T and 7,11-HD) as well as the male specific pheromone cVA. The amount of cVA and 7-T produced by males was not significantly affected by the lack of AKHR, neither when fed nor when starved (Figure 3) . In contrast, in females, production of 7-T and 7,11-HD was affected by the mutation. This effect depended on the feeding status. Akhr null females produced significantly more 7-T than Akhr rev females when starved (W = 0, p = 0.008) and significantly less 7,11-HD when fed (W = 23, p = 0.03) (Figure 3) . In Akhr rev females, the amount of both 7-T and 7,11-HD decreases during starvation (7-T: W = 1, p = 0.016; 7,11-HD: W = 0, p = 0.008). Interestingly, this is not the case in Akhr null females (7-T: W = 15, p = 0.69; 7,11-HD: W = 0.06).
DISCUSSION
Animals modulate their behavior depending on their physiological state. For instance, food deprivation promotes food-searching behaviors over reproductive behaviors. Modulation generally relies on hormonal pathways that are activated in response to either food intake or starvation. Here we show that the receptor for AKH has an important modulatory effect on D. melanogaster sexual traits. AKH is known to regulate sugar and lipid homeostasis, food-searching (Lee and Park, 2004) and feeding behaviors (Bharucha et al., 2008) in response to starvation. Our results show that when starved, males lacking AKHR exhibit a dramatically reduced level of courtship. This suggests that, perhaps unexpectedly, AKH signaling during starvation does not decrease sexual activity, but instead is required to keep a reasonable level of courtship regardless of feeding status.
The reduced sexual activity in males deficient for AKHR can be, at least partly, due to a change in cVA sensing. Indeed, AKHR is expressed in neurons that send projections to only few glomeruli in the AL, the first olfactory processing center in the insect brain. Among these glomeruli, AKHR neurons project to DA1 and DL3, two glomeruli involved in cVA detection (Ejima et al., 2007; Schlief and Wilson, 2007; van der Goes van Naters and Carlson, 2007; Wang and Anderson, 2010; Liu et al., 2011) . In addition, cVA attraction is known to depend on feeding status and insulin-like peptides, that are known to interact with the AKH signaling pathway, partly mediate this modulation . Here we show that also AKH signaling appears important for flies in cVA attraction, since AKHR mutant males showed a significantly reduced attraction. cVA is transferred to females during mating and is used by males to recognize already mated females (Zawistowski and Richmond, 1986; Everaerts et al., 2010) . Maintaining sensitive to cVA is therefore beneficial for males regarding both mate finding and sexual selection. As feeding co-occurs spatially with meeting and mating, cVA could also be used as a proxy for feeding sites and as such modulated by AKH. Finally, the reduced courtship activity of Akhr null mutants, suggests that AKH could act at several levels to promote mating behavior. Previous studies showed that the DA1 glomerulus and its corresponding receptor Or67d mediate direct response to exposure to cVA (Schlief and Wilson, 2007; Wang and Anderson, 2010) , whereas DL3 and the Or65a receptor seem to modulate cVA response over a longer period through experience (Zawistowski and Richmond, 1986; Everaerts et al., 2010; Liu et al., 2011; Lebreton et al., 2014; Dekker et al., 2015) . AKHR is expressed in neurons with cell bodies in the SEZ. Ascending axons project to both DA1 and DL3, but it remains unknown what type of interactions occur at the synapse and how this modulates the response to cVA.
Whereas AKH modulates male attraction to cVA through modulation of DA1 and DL3 output by AKHR neurons, suppression of male courtship is unlikely mediated through this Frontiers in Ecology and Evolution | www.frontiersin.org route, as virgin females do not carry cVA (Everaerts et al., 2010) . However, AKHR expressing neurons also projects to other glomeruli, most notably to VA2. VA2 appeared, although sensitive to food odors, also involved in courtship behavior. Sphinx, a lineage-specific non-coding RNA gene that is involved in male courtship behavior (Dai et al., 2008) , is specifically expressed in this glomerulus (Chen et al., 2011) . This suggests that VA2 may also regulate male sexual behaviors. The effect of AKHR on male courtship we presented in this study can therefore also be due to the effect of AKH on VA2 signaling. Bharucha et al. (2008) demonstrated a very strong expression of AKHR in the SEZ (see also Figure 2A ), which receives input from gustatory neurons responsible for food and contact pheromones perception. However, expression was restricted to neurons that are involved in sugar, but not pheromone, sensing, which may make the SEZ an unlikely target of AKHR-mediated regulation of sexual behaviors.
AKHR does not only regulate pheromone perception, but also pheromone production. In general, fed flies produce more CHCs than starved flies. However, mutant females no longer showed feeding status dependent CHC production, which could be a secondary effect of the lack of AKHR on lipid metabolism. In addition, production of specific CHCs appeared to be affected: starved AKHR mutant females carried larger amount of the anti-aphrodisiac pheromone 7-T compared to control flies, and smaller amount of the courtship promoting pheromone 7,11-HD when fed. This effect was sex-specific: no effect was found in males, neither for cVA nor for 7-T. It would be interesting to test whether the AKH signaling regulates the production of other pheromonal compounds such as 9-tricosene, 7-pentacosene, 7,11-non-acosadiene or CH503 (Antony et al., 1985; Ferveur and Sureau, 1996; Yew et al., 2009; Lin et al., 2015) . We expected that less 7,11-HD (aphrodisiac), but more 7-T (anti-aphrodisiac) would reduce the attractiveness of females lacking AKHR. However, in our assays wild-type males exhibit similar behaviors toward mutant and control females. As our experiments were done in a no-choice condition with "one male/one female" tests, the difference in the pheromone profile between mutant FIGURE 3 | Effect of AKHR on CHC and cVA production in starved (A) and fed (B) flies. Relative amounts of total CHCs produced by Akhr null and Akhr rev flies as well as cVA and 7-Tricosene (7-T) produced by males and 7-T and 7,11-Heptacosadiene (7,11-HD) produced by females. *p < 0.05, **p < 0.01. and control females can still play a role in sexual selection when males have the choice between several receptive females. AKH acts with other hormones, mainly insulin-like peptides, in adjusting sugar and lipid metabolism in response to the nutritional state (Buch et al., 2008) . Interestingly, it has recently been shown that the insulin-signaling pathway influences female cuticular hydrocarbon expression and therefore attractiveness Kuo et al., 2012) . Insulin also regulates female sexual receptivity by modulating remating rate, but it had no effect on the receptivity of virgin females (Wigby et al., 2011) . We did not find any effect of the AKH pathway on the receptivity of virgin females. It would be interesting to test if, similar to insulin, AKH can affect the receptivity of mated females.
We showed multiple effects of the AKH hormonal pathway (AKHR) on both pheromone perception and pheromone production. It has recently been reported that the gene, desat1, which codes for a desaturase, is involved in both the biosynthesis of unsaturated CHCs (like 7-T and 7,11-HD) and pheromone perception (Bousquet et al., 2012) . Desat1 is expressed in, among other structures, oenocytes (production site of cuticular hydrocarbon, Billeter et al., 2009) , the fat body (FB) and the sensory neurons that project to the DA1 glomerulus in the AL (Bousquet et al., 2012) . AKH acts on FB to mobilize lipid resources (Lee and Park, 2004) , but the precise function of desat1 in the FB and the AL is not known. An interesting future study could investigate whether AKH, through the activation of its receptor AKHR, could affect the activity or expression of desat1, and in turn modulate pheromone perception and production. In addition, the role of AKH in modulating food odor sensitivity deserves attention. We have not in detail looked at the response of mutant flies to food odors, although both AKHR null and AKHR rev flies were attracted to these. However, since VA2 and a number of other glomeruli received input from AKHR sensitive neurons, we postulate AKH to modulate food odor sensitivity as well.
CONCLUSION
Here we report on effects of AKHR on D. melanogaster sexual behavior by regulating both pheromone perception and production. The effects of AKHR are sex-specific (males being affected in their sexual activity and pheromone perception and females in their pheromone production) and depend on the fly's nutritional status. Further studies are needed to understand the complexity of the mode of action of the AKH pathway on Drosophila sexual behavior and its possible interactions with insulin and desat1. This is nevertheless, to our knowledge, the first evidence that the AKH pathway is involved in the regulation of sexual behavior in insects. In line with previous results on mammals (Kauffman and Rissman, 2004) and nematodes (Lindemans et al., 2009) , it seems that the AKH/GnRH pathway is conserved across taxa to match reproductive functions with food availability.
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